We have previously found that the purified chondroitin 6-sulfotransferase (C6ST), which transfers sulfate from 3'-phosphoadenosine 5-phosphosulfate (PAPS) to position 6 of yV-acetylgalactosamine in chondroitin, catalyzed the sulfation of keratan sulfate, and that both the C6ST activity and the keratan sulfate sulfotransferase (KSST) activity were expressed in COS-7 cells when C6ST cDNA was transfected. In this report we describe some properties of the KSST activity contained in the purified C6ST, and characterize the sulfated products formed from keratan sulfate and partially desulfated keratan sulfate. Optimal pH, requirement for cationic activators, and K m value for PAPS of the KSST activity were very similar to those of the C6ST activity.
Introduction
Sulfation of the particular position of sugar residues of glycosaminoglycans is thought to be catalyzed by a specific sulfotransferase which recognizes the kind of glycosaminoglycan and position of each sugar residue. Among various glycosaminoglycan sulfotransferases, heparin/heparan sulfate /V-sulfotransferase (Brandan and Hirschberg, 1988; Petterson et al.., 1991) , chondroitin 6-sulfotransferase (C6ST) (Habuchi etai, 1993 ) and heparan sulfate 6-sulfotransferase were purified to apparent homogeneity, and cDNA cloning was carried out in heparin/heparan sulfate 7V-sulfotransferase (Hashimoto et al, 1992; Eriksson et al, 1994; Orellana et al; and C6ST (Fukuta et al, 1995) . It was reported that a single protein from rat liver possesses both N-deacetylase and N-sulfotransferase activities (Wei et al, 1993) . Contrary to the liver enzyme, N-sulfotransferase obtained from mastocytoma was reported to require a polycation cofactor for expression of iV-deacetylase activity (Petterson etal.., 1991; Eriksson et al, 1994) . We found that the purified C6ST from the culture medium of chondrocytes catalyzed transfer of sulfate not only to position 6 of GalNAc residue of chondroitin but also to keratan sulfate (Habuchi et al, 1993) . The C6ST activity and the keratan sulfate sulfotransferase (KSST) activity appeared to be carried by a single protein since both the activities were overexpressed when the cDNA of the C6ST was transfected in COS-7 cells (Fukuta etal, 1995) . These observations raised an interesting possibility that a single sulfotransferase may be involved in the biosynthesis of both chondroitin sulfate and keratan sulfate. In this report we characterized the KSST activity contained in the purified C6ST and presented evidences that position 6 of Gal residue in keratan sulfate was sulfated by C6ST.
Results

Properties of keratan sulfate sulfotransferase activity contained in the purified chondroitin 6-sulfotransferase
The pH dependence of C6ST activity and KSST activity was shown in Figure 1 . The maximum activities of the both C6ST and KSST were observed at pH 5.8 to 6.2. Effects of various divalent cations and protamine on the C6ST activity and KSST activity were shown in Table I . Both C6ST and KSST were activated by protamine and various metal ions; the profiles of the stimulation by protamine and metal ions observed in KSST was very similar to those observed in C6ST except Cu 2+ . C6ST was slightly activated by Cu 2+ , but KSST was not. Among divalent cations examined in Table I, Co 2+ was most effective. In Table II , the effects of protamine, Ca 2+ and Co 2+ determined in the presence of the different kinds of buffer are shown. Both C6ST and KSST were activated by Co 2+ in the presence of imidazole buffer but not activated in the presence of MES or PIPES buffer of the same pH. In contrast, both C6ST and KSST were stimulated by protamine or Ca 2+ in the presence of any buffer examined. Apparent K m value for PAPS was 0.7 /JLM under the standard assay conditions when either chondroitin or keratan sulfate was used as acceptor. mine which sugar was sulfated by the KSST activity contained in the purified C6ST, we degraded the 35 S-labeled glycosaminoglycan formed from keratan sulfate by the reaction sequence of A'-deacetylation, deaminative cleavage, and NaB 3 H 4 reduction. The degradation products were separated with paper chromatography (Figure 2A ). The main 35 S-radioactivity was recovered in Gal(6S)-AMan R (6S) (peak 1 in Figure 2A ). About 20% of the total radioactivity remained at the origin of the paper. The materials remaining at the origin seemed to be oligosaccharides formed by incomplete degradation and were not examined further. To determine which sulfate group of Gal(6S)-AMan R (6S) had 35 S-radioactivity, peak 1 fraction in Figure  2A was eluted, purified with paper electrophoresis, and subjected to partial acid hydrolysis. The partial acid hydrolysis was carried out with 0.1 M HC1 at 100°C for 40 min. The hydrolysates were again separated with paper chroma- Figure 2B ).
35
S-Radioactivity was found in two peaks (peak 1 and peak 3 in Figure 2B ). Peak 1 represents the undegraded Gal(6S)-AMan R (6S), whereas peak 3 potentially contains Gal(6S)-AMan R , Gal-AMan R (6S), and Gal(6S) according to Shaklee and Conrad (Shaklee and Conrad, 1986) . To resolve these compounds, peak 3 fraction in Figure 2B was purified with paper electrophoresis ( Figure 2C ). Peak 5 fraction in Figure 2C was applied to HPLC after reduction with NaBH 4 ( Figure 3D ). Under the partial acid hydrolysis conditions, almost equal amounts of [ S-radioactivity was eluted at the position of Gal(6S)-AMan R and Gal R (6S) but was not found at the position of Gal-AMan R (6S). These observations indicate that C6ST could transfer sulfate mainly to position 6 of Gal residue which was glycosidically linked to GlcNAc(6S). To obtain the evidence whether Gal residue glycosidically linked to GlcNAc residue also could be efficiently sulfated by the purified C6ST, we prepared partially desulfated keratan sulfate and used it as acceptor.
S-Labeled glycosaminoglycan formed from the partially desulfated keratan sulfate was treated by the reaction sequence of hydrazinolysis, deaminative cleavage, and NaB 3 H 4 reduction as described above, and the degradation products were subjected to paper chromatography ( Figure 4A ).
S-radioactivity was found in two peaks other than the paper origin on the paper chromatogram (peak 1 and peak 2 in Figure 4A ). Peak 1 in Figure 4A corresponded to Gal(6S)-AMan R (6S). The analysis of this compound as described above showed that only Gal residue contained 35 S-radioactivity (data not shown). About 18% of the 35 S-radioactivity was found in peak 2 in Figure 4A , which potentially contained Gal(6S)-AMan R or Gal-AMan R (6S). The peak 2 in Figure 4A was eluted from the paper segments, purified with paper electrophoresis, and applied to HPLC ( Figure 4B ).
S-Radioactivity was found only at the position of Gal(6S)-AMan R These results showed that position 6 of Gal residue glycosidically linked to GlcNAc also could be efficiently sulfated by the purified C6ST, and that GlcNAc residue was not sulfated at all. S (solid circle) was assigned as follows: Peak 1 in A and B, Gal(6S)-AMan R (6S); peak 2 in A. a mixture of Gal(6S)-AMan R and Gal-AMan R (6S); peak 3 in B, a mixture of Gal(6S)-AMan R , Gal-AMan R (6S), Gal(6S) and free sulfate: peak 4 in B. AMan R (6S); peak 5 in C. a mixture of Gal(6S)-AMan R . Gal-AMan R (6S) and Gal(6S): and peak 6 in C, free sulfate.
Northern blot analysis
We have recently shown that C6ST cDNA encodes a protein with both C6ST activity and KSST activity (Fukuta et ai, 1995) . To test the possibility that the C6ST mRNA expresses in the cornea, in which keratan sulfate is actively synthesized, poly(A) + RNAs extracted from the cartilage and cornea of 12-d-old chick embryo was probed with the cDNA containing whole open reading frame of C6ST (Fukuta et ai, 1995) (Figure 5 ). The multiple messages of C6ST which were expressed in the cultured chondrocytes (lane 1 in Figure 5 ) were detected in the cartilage (lane 2 in Figure 5 ). In the cornea, at least one of the messages (3.2 kb) was detectable (lane 3 in Figure 5 ). The purity of mRNA extracted from the cartilage seems to be lower than the mRNAs from chondrocytes and cornea, since the intensity of the internal control by /3-actin cDN A observed in the cartilage mRNA (lane 2) was much weaker than the other lanes. The low purity of the cartilage mRNA may be due to the contamination of proteoglycan. Considering the intensity of the internal controls by actin cDNA, the level of the expression of C6ST mRNA in the cornea appears to be much lower than that in the cartilage.
Discussion
The KSST activity and the C6ST activity showed very similar, if not the same, pH profiles, requirement for cationic activators, and K m values for PAPS. We found that the both sulfotransferase activities were markedly activated by Co 2+ as well as protamine. The activation by Co 2+ was observed only in the presence of imidazole buffer. On the other hand, protamine and Ca 2+ stimulated the sulfotransferase not only in the presence of imidazole buffer but also in the presence of MES or PIPES buffer. These observations suggest that Co 2+ may activate the sulfotransferase activity through forming complex with imidazole. Although physiological meaning of the stimulatory effect of Co 2i on the sulfotransferase activities remains to be studied, these results seem to support that the catalytic site for the sulfation of GalNAc residue may be very similar to the catalytic site for the sulfation of Gal residue.
Hydrazinolysis (Shaklee and Conrad, 1986 ). It appears, therefore, difficult to obtain clear evidence using intact keratan sulfate as acceptor whether C6ST could transfer sulfate to Gal residue glycosidically linked to GlcNAc residue, since the intact keratan sulfate contains little GlcNAc residues without sulfate group. To overcome such a limitation encountered when the intact keratan sulfate was used as acceptor, we prepared partially desulfated keratan sulfate, in which the ratio of sulfate/glucosamine was 0.62, and used it as acceptor. When the partially desulfated keratan sulfate was used as acceptor, Gal residue glycosidically linked to GlcNAc residue was also efficiently sulfated at position 6. These results indicate that the purified C6ST could transfer sulfate to position 6 of Gal residue which resides at the non-reducing side of GlcNAc(6S) or GlcNAc. Both GalNAc residue in chondroitin and Gal residue in keratan sulfate possess an axial OH group at position 4, and are substituted at position 3 by GlcNAc or GlcA. It might be possible that C6ST could recognize such common structural features found between chondroitin and keratan sulfate. In contrast, GlcNAc residue of keratan sulfate was not sulfated at all by C6ST, suggesting that sulfation of GlcNAc residue of keratan sulfate may be catalyzed by a sulfotransferase distinct from the enzyme responsible for the sulfation of Gal residue.
Sulfotransferases contained in serum and cornea which transfers sulfate to keratan sulfate have been studied. In- Figure 2C (indicated by a horizontal bar) was eluted with water and applied to HPLC after reduction with NaBH,. The reduction was carried out as described under "Materials and methods" except that nonradioactive NaBH. was used instead of NaB 3 H,. The sample reduced with NaBEi was passed through a column of Dowex 50 (H + form) and dried. The dried materials were suspended with methanol and redried to remove boric acid. After visible materials disappeared, the sample was dissolved in water and injected. Radioactivities of oue et al. found keratan sulfate sulfotransferase activity in human serum (Inoue et al, 1986) . Sugahara et al. showed that the serum keratan sulfate sulfotransferase catalyzed the transfer of sulfate to position 6 of Gal residue of keratan sulfate (Sugahara et al, 1987) , and they also reported that keratan sulfate sulfotransferase activity behaved together with chondroitin sulfotransferase activity in affinity chromatography on chondroitin 6-sulfate-Sepharose (Sugahara et al, 1989) . Keller et al. partially purified sulfotransferase from bovine corneal stroma which catalyzed the transfer of sulfate to keratan sulfate and chondroitin (Keller et al, 1983) . They showed that the sulfotransferase activity toward keratan sulfate could not be separated from the sulfotransferase activity toward chondroitin. On the other hand, Riitter and Kresse reported that keratan sulfate sulfotransferase activity from bovine corneal cell could be separated from chondroitin sulfotransferase (Riitter and Kresse, 1984) . Riitter and Kresse used partially desulfated keratan sulfate as acceptor instead of intact keratan sulfate, and they detected sulfotransferase activity transferring sulfate not only to Gal residue but also to GlcNAc residue. The keratan sulfate sulfotransferase preparation that reported by Riitter and Kresse might, therefore, contain an enzyme of which specificity is different from the specificity of the sulfotransferases reported by the other authors.
Nakazawa et al reported that in developing chick embryo cornea the sulfation of Gal residue of keratan sulfate actively proceeds, whereas sulfation of position 6 of GalNAc residue of chondroitin was hardly detected. They suggested that the increase in the degree of sulfation of Gal residue may possibly correlated with progress of corneal transparency (Nakazawa et al, 1995) . Our observations that messages of C6ST was expressed in the developing cornea, in which keratan sulfate is actively synthesized, raised a possibility that C6ST may be involved in the synthesis of keratan sulfate in the cornea. However, since the level of the expression of the C6ST mRNA was much lower in the cornea than in the cartilage, further investigations are required to define the role of C6ST in the synthesis of keratan sulfate in the cornea.
Materials and methods
The following commercial materials were used: H 2
35
SC>4 was from Dupont/ NEN; [ 3 H]NaBR, (16.3 GBq/mmol) and Hybond N + were from Amersham Japan, Tokyo. Unlabeled PAPS, and galactose 6-sulfate were from Sigma, St. Louis, MO; Fast Desalting Column HR 10/10 was from Pharmacia, Biotech, Tokyo; Chondroitinase ACII and ADi-OS were from Seikagaku Corporation, Tokyo; Partisil SAX-10 was from Whatman. Keratan sulfate from bovine cornea (sulfate/glucosamine = 1.48) was a generous gift from Dr. Keiichi Yoshida, Tokyo Research Institute of Seikagaku Corporation.
[ 35 S]PAPS was prepared as described previously (Delfert and Conrad, 1985) . [
3 H]Gal R (6S) was prepared from galactose 6-sulfate by the reduction with NaB 3 H, as described below. ADi-OS R was prepared from ADi-1 2 3 -Origin p-actin 2) and cornea (lane 3) of 12-d-old chick embryo were subjected to Northern blot analysis, using hybridization and wash conditions described under "Materials and methods". The blot was probed with the C6ST cDNA described previously (Fukuta et al., 1995) . The arrowheads indicate the position of different mRNA: 5.8, 4.5, 3.2, 2.5 and 1.8 kb. The position of nbosomal RNAs are indicated at the right.
OS by the reduction with NaBH 4 . Chondroitin (squid skin) was prepared previously described (Habuchi and Miyata, 1980) . Chondroitin 6-sulfotransferase was purified from the serum-free culture medium of chick chondrocytes as previously described (Habuchi et al, 1993) . The purified enzyme preparation showed a single broad protein band with a molecular mass of 75 kDa in SDS-PAGE.
Partially desulfated keratan sulfate (sulfate/glucosamine = 0.62) was prepared from corneal keratan sulfate according to Nagasawa et al. (Nagasawa et al., 1979) . Solvolysis with dimethyl sulfoxide was carried out at 80°C for 45 min. From 15 mg of the starting keratan sulfate, 9.7 mg of the partially desulfated keratan sulfate was obtained. j3-Actin cDNA fragment with 222 base pairs which corresponds to the nucleotide sequence of the third exon of the chick cytoplasmic /3-actin (Kost et al., 1983) was prepared from the total RNA of chick chondrocytes by polymerase chain reaction.
Assay of sulfotransferase activity
The standard reaction mixture contained 2.5 /xmol of imidazole-HCl. pH 6.8:1.25 tig (for chondroitin) or 3.75 /xg (for keratan sulfate) of protamine chloride; 0.1 /xmol dithiothreitol, 0.025 iimol (as glucuronic acid) chondroitin or 0.025 mmol (as glucosamine) keratan sulfate; 25 pmol [ 35 S]PAPS (about 2.5 X 10 s c.p.m.): and enzyme in a final volume of 50 ml. The amount of protamine chloride was reduced to 0 5 tig when the partially desulfated keratan sulfate was used as acceptor. The reaction mixtures were incubated at 37°C for 20 min, and the reaction was stopped by immersing the reaction tubes in a boiling water bath for 1 min. After the reaction was stopped.
35
S-labeled glycosaminoglycans were isolated by the precipitation with ethanol and gel chromatography with a Fast Desalting Column as described previously (Habuchi et al.. 1993 ) and the radioactivity was determined.
N-Deacetylation and deaminative cleavage of
1! S-labeled glycosaminoglycans formed from keratan sulfate or partially desulfated keratan sulfate 15 S-Labeled glycosaminoglycans from keratan sulfate and partially desulfated keratan sulfate were prepared as described under the enzyme assay.
The glycosaminoglycan fractions recovered after gel chromatography on the Fast Desalting Column was precipitated with 2 volumes of ethanol containing 1 3% potassium acetate; 0.5 /xmol (as glucosamine) of 35 Slabeled glycosaminoglycans was used for the following reactions. NDeacetylation and deaminative cleavage was carried out essentially as described previously (Shaklee and Conrad, 1986) . Each sample was placed in a 100 /xl Reacti-Vial (Pierce Chemical Co.). dried in a N 2 stream, and finally dissolved in 20 /xl of anhydrous hydrazine containing 0.2 mg of hydrazine sulfate. The sample was then capped and placed in a 100°C sand bath for 10 h. The cooled sample was dried in a stream of N 2 and dissolved in a small volume of water and freeze-dried to remove most of the hydrazine, and 5 /xl of 3 M H 2 SO 4 was added to the sample to adjust the pH to 4.0. 20 /xl of HNO 2 solution pH 4, which was prepared by mixing 250 ml of 5.5 M NaNO 2 with 100 /xl of 1 M H 2 SO 4 , was then added to the sample. After 30 min at room temperature, the sample was chilled on ice, adjusted to pH 8.5 with 7 /xl of 1 M Na 2 CO 3 . mixed with 10 ill of 0.5 M NaB tion. 0.5% SDS. and 0.1 mg/ml of denatured salmon sperm DNA for 3 h at 42°C. Hybridization was carried out in the same buffer containing 32 P-labeled probe for 14 h at 42°C. The radioactive probe was prepared from the EcoRl fragment containing 2384-bp cDNA (Fukuta et ai. 1995) by the random oligonucleotide-primed labeling method (Feinberg and Vogelstein. 1983 ) using [a-32 P]dCTP (Amersham) and a DNA random labeling kit (Takara Shuzo). The filter was washed at room temperature in 2 X SSPE. 0.1% SDS. and subsequently in 1 X SSPE. 0.1% SDS. and finally at 55°C in 1 ( SSPE. 0.1% SDS. The membrane was exposed to x-ray film for 26 h with a intensifying screen at -80°C. The same filter was probed by /3-actin cDNA as an internal control after removing the C6ST cDNA.
Other methods
The galactosamine and glucosamine contents of glycosaminoglycans were determined by the Elson-Morgan method as modified by Strominger et ai (Strominger et ai, 1959) after hydrolysis of the glycosaminoglycans with 6 M HC1 at 100°C for 4 h. Uronic acid was determined by the method of Bitter and Muir (Bitter and Muir. 1962) . Sulfate was determined as described previously (Picard el til. 1973) . Radioactivity was determined by a scintillation counter (Beckman LS-5000TD).
